Recently, carbon dots (CDs) have been playing an increasingly important role in industrial production and biomedical field because of their excellent properties. As such, finding an efficient method to quickly synthesize a large scale of relatively high purity CDs is of great interest. Herein, a facile and novel microwave method has been applied to prepare nitrogen doped CDs (N-doped CDs) within 8 min using L-glutamic acid as the sole reaction precursor in the solid phase condition. The as-prepared N-doped CDs with an average size of 1.64 nm are well dispersed in aqueous solution. The photoluminescence of N-doped CDs is pH-sensitive and excitation-dependent. The N-doped CDs show a strong blue fluorescence with relatively high fluorescent quantum yield of 41.2%, which remains stable even under high ionic strength. Since the surface is rich in oxygen-containing functional groups, N-doped CDs can be applied to selectively detect Fe 3+ with the limit of detection of 10 −5 M. In addition, they are also used for cellular bioimaging because of their high fluorescent intensity and nearly zero cytotoxicity. The solid-phase microwave method seems to be an effective strategy to rapidly obtain high quality N-doped CDs and expands their applications in ion detection and cellular bioimaging.
Introduction
Carbon nanomaterials have always been at forefront of research in recent years [1, 2] , in particular carbon dots (CDs), which are considered to be one of the types fluorescent nanomaterials with the most potential, because of their superior photoluminescence and nontoxicity. Besides this, CDs possess many other outstanding advantages, such as high aqueous solubility, good biocompatibility and versatile surface chemical modification. These unique properties mean CDs are extensively applied in photocatalysis [3, 4] , optoelectronic devices [5, 6] , chemical sensors [7] , biosensors [8] , bio-imaging [9] [10] [11] , drug and gene delivery [12, 13] , and so on. Nitrogen doping can effectively improve the fluorescent quantum yield (QY) and continues to draw increasing attention [14] .
Numerous studies have been done to develop a rapid and facile approach to synthesize high quality N-doped CDs efficiently. Among the existing methods, the microwave method has distinct advantages for its shorter reaction times, milder reaction conditions, lower energy consumption, better stability, reproducibility, and higher product efficiency [15] [16] [17] . We have successfully used a domestic microwave oven to synthesize N-doped CDs without any capping agents [18] . The reaction took only five minutes using calcium citrate and urea dissolved in water as raw materials.
As far as we know, almost all of the attempts to synthesize N-doped CDs by microwave method are in the liquid phase environment, in other words, solvents are indispensable throughout the process. Some organic precursors, such as amino acids and lipid, play important roles in the preparation of CDs since they are common and cheap. However, most of them are insoluble in water. The introduction of organic solvent in CDs fabrication can improve the solubility of precursors, but subsequently causes a lot of problems. For example, most of the organic solvents are toxic to organisms and difficult to completely remove in post-treatment procedures, which limits the widespread use of CDs in biomedical applications. Solid-phase synthesis [19] seems to be key to solving this problem. However, there are only several reports on solid-state synthesis of N-doped CDs, and they are all under hydrothermal conditions, which needs a longer reaction time and consumes more energy than the microwave method [20] . So, it makes sense to combine the microwave and solidphase methods to rapidly synthesize N-doped CDs with excellent performance.
L-glutamic acid (L-Glu) is a kind of water-insoluble amino acid and has been widely used in food processing. Wu et al [21] used a one-step pyrolysis of L-Glu supplied with a heating mantle device to fabricate graphene quantum dots (GQDs). In this work, L-Glu serves as both carbon and nitrogen sources to prepare N-doped CDs. Silica gel powders possess superior thermal stability and high thermal conductivity. During the reaction process of our work, they absorb the microwaves to carbonize L-Glu and can be completely separated by centrifugation in post-treatment procedure without introducing any by-products. This synthetic strategy is facile, fast, convenient, economical and environmentally friendly. The obtained N-doped CDs can be used for Fe 3+ detection and cellular bioimaging. 
Experimental
2.1. Chemicals L-Glu, sodium nitrate (NaNO 3 ), nickel (II) chloride hexahy- drate (NiCl 2 ·6H 2 O), copper (II) chloride dihydrate (CuCl 2 ·2H 2 O), zinc chloride (ZnCl 2) , cobalt (II) nitrate hexahydrate (Co(NO 3 ) 2 ·6H 2 O), iron (III) chloride (FeCl 3 ), lead (II) nitrate (Pb(NO 3 ) 2 ),
Preparation of N-doped CDs
2.0 g L-Glu and 2.0 g silica gel powders were mixed in a beaker and put into a domestic microwave heated at a power of 640 W in an air environment for 5 min, until the center of the white solid powder turned black. The mixture was then stirred evenly with a glass rod to obtain a gray solid. After another 2.5 min of heating, a dark solid was finally formed. Then 10 ml water, which had already been heated to 80°C, was quickly added to make N-doped CDs dissolve in the water. The obtained yellowish-brown suspension was stood for several minutes to separate the supernatant and the silica gel powders. After removing large dots through centrifugation at 10 000 rpm for 10 min, a relatively pure and high quality N-doped CDs aqoeous solution was eventually obtained.
Metal ions detection
To detect metal ions, a series of aqueous solutions including Na and Fe 3+ (a calculated amount of ions of 5 mM) were added into the N-doped CDs solution (0.01 mM) without further purification.
Cytotoxicity assays
The breast cancer cells (BT-474) with a density of 10 4 cells/ well were put into a 96-well plate. First, the cells were cultured in RPMI-1640 medium supplemented with 10% FBS for 24 h at 37°C in a humidified 5% CO 2 -containing atmosphere. Next, the N-doped CDs with different concentrations were added to incubate for an additional 24 h. Meanwhile, cells incubated without N-doped CDs were set as a blank control group. After that, the medium containing N-doped CDs was removed. The viability of these cells was measured using the CellTiter 96® AQueous One Solution Cell Proliferation Assay kit according to the manufacturer's instructions. The data was analyzed by Graphpad PRISM 5 software.
Cellular bioimaging
The BT-474 cells were put into a 12-well plate and incubated in RPMI-1640 medium supplemented with 10% FBS at 37°C in a humidified atmosphere of 5% CO 2 overnight. The N-doped CDs were subsequently added, and then incubated for another 6 h. Finally, the cells were observed under a confocal laser scanning microscope after being washed with PBS for three times.
Characterization
The morphologies of the samples were observed by a transmission electron microscope (TEM, JEM-2100, JEOL, Japan) and atomic force microscope (AFM, Bruker ICON, USA). PL and photoluminescence emission (PLE) spectra were recorded using a fluorescent spectrophotometer (F-4600, Hitachi, Japan). X-ray diffraction (XRD) analysis was carried out using a D8 Advance (Bruker AXS Corporation, Germany). Raman spectrum was performed using a dispersive Raman microscope (Bruker Senterra, Germany) with a laser at a wavelength of 633 nm. Fourier transformation infrared spectroscopy (FT-IR) spectrum was recorded on a spectrometer (VERTEX 70, Bruker, Germany) at room temperature with deuterated L-alanine-doped triglycine sulfate as a detector. X-ray photoelectron spectra (XPS) were acquired using a spectrometer (Kratos Axis Ultra DLD, Japan) with a monochromatic Al Kα source (1486.6 eV). The ultravioletvisible (UV-vis) absorption spectra were acquired by a UVvis-NIR spectrophotometer (Lambda 950, Perkin-Elmer, USA). The fluorescence lifetime was measured using a steady-state and time-resolved fluorescence spectrofluorometer (QM/TM/IM, PTI, USA). Fluorescence microscope images were obtained using a confocal laser scanning microscope (Nikon A1si, Japan).
Results and discussion

Preparation and characterization of N-doped CDs
L-Glu is a natural amino acid. In this work, it is used as sources of both carbon and nitrogen to synthesize N-doped CDs through a one-pot solid-phase microwave method without any acid, alkali, salt or organic solvents. During the whole process, silica gel powders act as the microwave absorbing materials without taking part in the chemical reactions. The morphology and structure of the as-prepared N-doped CDs are shown in figure 1 . Figure 1(a) is a representative TEM image. Lattice fringes can be generally identified in HRTEM image (see inset of figure 1(a) ); a fringe distance of 0.23 nm is consistent with the (112) spacing of graphitic carbon. The particle size distribution obtained by statistical analysis is demonstrated in figure 1(b) . It is revealed that well dispersed N-doped CDs are homogeneous and narrowly distributed with the average size of 1.64 nm. The typical AFM image and the topographic heights distribution of the N-doped CDs are exhibited in figures 1(c) and (d) respectively. The heights of the N-doped CDs are mostly distributed from 1.2 to 2.0 nm, with an average value of 1.73 nm, which is approximate to that of the TEM image proving the nearly spherical shape of N-doped CDs [22] . Figure 1(e) shows the thickness obtained by measuring the height profile of AFM image.
The broad diffraction peak of the N-doped CDs revealed in the XRD pattern ( figure 2(a) ) centers at around 22°, corresponding to an interlayer spacing distance of 0.36 nm, which is slightly larger than that of graphite (0.34 nm). The increased distance value may be attributed to nitrogen doping and the introduction of numerous oxygen containing groups [23] . Two broad peaks at around 1355 and 1575 cm −1 are respectively attributed to the D band and G band of the Raman spectrum of the N-doped CDs shown in figure 2(b) . The D band is related to the disordered graphite carbon, whereas the G band is in correspondence with the vibration of sp2-hybridized carbon atoms [24] . The relative intensity of the disordered D band and crystalline G band (I D /I G ) is about 1.05, indicating the surface of the obtained N-doped CDs is rich in defects compared with other works [17, 25] . The composition of the surface functional group of N-doped CDs is characterized by FT-IR spectroscopy, as shown in figure 2(c) . The peaks at around 3448 and 1703 cm −1 are attributed to the stretching vibrations of O-H and C=O, respectively, implying the existence of residual hydroxyl groups; the peak at 2915 cm −1 is related to the C-H bond stretching vibrations, the peak at 1407 cm −1 corresponds to symmetric stretching vibrations of C-O-C, the peak at 1493 cm −1 is the characteristic stretch of the amide III C-N, and the peak at 1630 cm −1 corresponds to the C=C stretching modes of polycyclic aromatic hydrocarbons. Obviously, the surface of the N-doped CDs is partially oxidized, so these functional groups improve the hydrophilicity and stability of N-doped CDs in an aqueous system, enabling them to be widely used in biochemical applications.
XPS characterization is studied to further analyze the elemental composition and structure of the obtained N-doped CDs. As illustrated in figure 3(a) , the XPS spectrum shows three obvious peaks at 545.0, 402.2 and 298.1 eV, revealing the presence of O1s, N1s and C1s, respectively. Quantitative determination by XPS shows that the as-prepared N-doped CDs are consisted of 18.09 at% oxygen, 10.42 at% nitrogen and 68.11 at% carbon, demonstrating the successful introduction of nitrogen. Figure 3 (b) exhibits four main peaks, confirming the presence of C-C or O-C=O (285.6 eV), C-N or C-O (284.0 eV), C-H (283.3 eV) and C-C or C=C (282.4 eV) bonds, indicating that the as-prepared N-doped CDs are rich in hydrophilic groups such as hydroxyl and carboxyl on the surface, which is consistent with the corresponding FT-IR spectrum. In figure 3(c) , the highresolution N1s spectrum with two peaks reveals the existence of N-(C) 3 (398.2 eV) and C-N-C (397.3 eV), respectively, confirming again that nitrogen has been partly doped into the CDs. The two fitted peaks at 528.9 and 530.0 eV of O1s spectrum shown in figure 3(d) are assigned to C=O and C-OH or C-O-C groups, respectively [26] .
From the UV-vis absorption spectrum of figure 4(a), one peak can be seen at 290 nm, which is ascribed to the typical absorption for n-π * transition of C=O or N=O in sp 3 hybrid regions [27, 28] . The inset in figure 4(a) shows the optical photos of the N-doped CDs under daylight and UV light (365 nm, center). The aqueous solution of the obtained N-doped CDs is yellow, transparent and clear under daylight, while it exhibits strong blue luminescence under UV light. As displayed in figure 4(b) , the PLE spectrum reveals two peaks at 270 and 370 nm, which are mainly caused by a transition in σ and Ω orbits from the highest occupied molecular orbit (HOMO) to the lowest unoccupied molecular orbit (LUMO) [29] . When N-doped CDs are excited at the maximum excitation of 370 nm, the maximum emission peak is observed at 450 nm, and the full width at half maxima (FWHM) is about 90 nm, indicating relatively uniform particles, compared with the previous reports [30, 31] . Using quinine sulfate (54.6% in 0.1 M sulfuric acid) as a reference, the fluorescent QY is up to 41.2% measured by 360 nm UV light excitation [32] . The strong fluorescence exhibited by the N-doped CDs may be attributed to the quantum confinement of the passivated surface energy traps [33] . These results above all indicate that the solid-phase method is a promising strategy to fabricate N-doped CDs with high fluorescent performance. Aqueous solution of N-doped CDs exhibits excitation-dependent emission, as shown in figure 4(c) , the emission peaks red shift from 400 to 460 nm with the excitation wavelengths changed from 320 to 420 nm. This intrinsic property is mainly caused by the different particle sizes and considerable distribution of emissive trap sites on N-doped CDs, which has been widely reported previously [34] [35] [36] . The fluorescence lifetime (τ) of N-doped CDs is calculated to be 5.10 ns according to the fluorescence decay profile, with excitation wavelength of 350 nm and emission wavelength of 450 nm ( figure 4(d) ). The fluorescence decay profile represents as single exponential decay kinetics, suggesting relatively uniform fluorescence radiative processes of the N-doped CDs.
The stability of the as-prepared N-doped CDs in unforgiving environment such as extreme pH value, high ionic strength and long-time ultraviolet excitation was investigated detail by detail. Figures 5(a) and (b) show the behavior that N-doped CDs are sensitive to pH in the range 1 to 13 (pH was adjusted by HCl and NaOH). The PL intensity declines obviously under the non-neuter conditions. This phenomenon may be attributed to the charge of surface groups of N-doped CDs changed by protonation-deprotonation [18, 32] , while strong PL intensity maintained even under extreme pH conditions indicates the stable fluorescence of N-doped CDs. The PL intensity of N-doped CDs remains almost constant when the solutions contain KCl with varied concentrations from 0 to 1.0 M (figures 5(c) and (d)). The stability of the N-doped CDs in high-salt conditions ensures their applications in more complicated and harsh environment. Additionally, the PL intensity of N-doped CDs changes slightly (18.5% decreased) after UV excitation for 6 h using a hand-held UV lamp (figures 5(e) and (f)), which demonstrates the comparatively stable surface states of N-doped CDs.
Metal ions detecting capability of N-doped CDs
The oxygen-containing groups on the surface can coordinate with transition metal ions, allowing the N-doped CDs to serve as detecting candidates. In figure 6(a) , Ca 2+ and Al 3+ (each of the concentration is 5×10 −3 M) were added into the N-doped CDs aqueous solution respectively to observe the influence to the PL intensity. Fe 3+ exhibits the most obvious quenching effect on the PL intensity, compared with the other metal ions. The fluorescent quenching is due to the electron or energy transfer between the excited N-doped CDs [37] . The limit of detection (LOD) is further explored by adding various concentrations of Fe 3+ to N-doped CDs aqueous solution (the concentration is 0.01 mg ml 
Cellular bioimaging of N-doped CDs
Cell toxicity is an important index for the evaluation of biological materials. 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophnyl)-2H-tetrazo-lium (MTS) assays were carried out to evaluate the toxicity of the N-doped CDs to BT-474 cells. From figure 7(a) , the viability of most of the BT-474 cells was more than 100%; this result may be attributed to L-Glu which failed to be completely removed from the N-doped CDs and served as nutrition in the cell culture [38] . BT-474 cells maintain strong biological activity even when the concentration of N-doped CDs is raised to 1.0 mg ml
, verifying the nontoxicity of the N-doped CDs. Therefore they are used as fluorescent dyes to lab BT-47 cells in this work. BT-474 cells are cultured with N-doped CDs for 6 h and then observed under a confocal laser scanning microscope with laser excitation at 370 nm. As shown in figure 7(b) , the as-treated cells exhibit bright PL at the test excitation conditions. Figure 7(c) is the corresponding brightfield image, and (d) is the merged image of (b) and (c). This observation clearly indicates that the N-doped CDs can readily penetrate the cell membrane and seems to have great potential of a candidate of bio-labeling agent for living cells [39] .
Conclusions
In this study, a rapid solid-phase microwave method has been developed to synthesize N-doped CDs using L-Glu as both carbon and nitrogen source. Compared with other methods, the advantage of this approach is that silica gel powers are introduced to absorb the microwaves during the reaction process without producing any by-products, which greatly simplifies the post-treatment. The N-doped CDs obtained by this facile, fast, green and economical method reveal relatively high fluorescent QY of 41.2%, and exhibit excellent properties, such as good solubility in water, high and stable fluorescent intensity, excellent biocompatibility and no toxicity. These facilitate great potential for future biological applications, such as the bioimaging of living cells and biodetection of life-significant molecules or species. 
